Coaggregating strains of aquatic bacteria were identified by partial 16S rRNA gene sequencing. The coaggregation abilities of four strains of Blastomonas natatoria and one strain of Micrococcus luteus varied with culture age but were always maximum in the stationary phase of growth. Each member of a coaggregating pair carried either a heat-and protease-sensitive protein (lectin) adhesin or a saccharide receptor, as coaggregation was reversed by sugars.
Coaggregation is the cell-to-cell recognition of genetically distinct partner cell types (13) and was first demonstrated for bacteria from dental plaque (6) . Coaggregation between oral bacteria is mediated by lectin-saccharide interactions between cell surface molecules on the partner organisms (1, 5, 8, 10) . Coaggregation also occurs between members of the urogenital flora (16) and between strains of Lactobacillus from chicken crops (19) . Most recently, coaggregation between aquatic biofilm-forming bacteria was described and found to be reversed by simple sugars (2) , although involvement of surface proteins was not investigated. In addition, most of the aquatic strains were unidentified, and the coaggregation scores for some pairs of aquatic bacteria showed variation between different batch cultures. This study describes the identification of five aquatic coaggregating bacteria by using 16S rRNA gene sequencing and investigates the role of surface proteins in the coaggregation process. In addition, the relationship between coaggregation ability and phase of growth in batch culture is presented.
Five coaggregating bacteria isolated from biofilm samples and previously designated as strains 2.1, 2.3, 2.6, 2.8, and 2.13 (2) were grown on R2A agar at 25°C (Difco) (15) . Batch cultures were grown in 100 ml of liquid R2A broth, with shaking at 200 rpm at 25°C. All five strains were characterized by a combination of biochemical tests and light microscopy and by sequencing approximately 650 bases of the 16S rRNA gene. Bacterial genomic DNA from each strain was obtained by boiling a single bacterial colony, and the primers used for amplification and sequencing of 16S rRNA gene fragments were 8FPL (20) and 806R (22) . The nucleotide sequence of each PCR product was compared to known sequences in the EMBL database, and the organism with the closest sequence similarity was identified.
All five strains could be identified to the species level, as all had greater than 98.5% similarity with the closest sequence in the database. Four strains were identified as Blastomonas natatoria (strains 2.1, 2.3, 2.6, and 2.8) and one strain was identified as Micrococcus luteus (strain 2.13). B. natatoria strains were gram-negative, obligately aerobic, oxidase-and catalasepositive rods giving highly pigmented yellow colonies on R2A agar. All four strains divided asymmetrically to give daughter cells with a single polar flagellum. Comparison of the partial 16S rRNA gene sequence of each of the B. natatoria strains showed that they had 97.9 to 99.7% identity, indicating that they were very closely related members of the same species. M. luteus 2.13 was a large nonmotile tetrad-forming, oxidase-and catalase-positive coccus. This confirms the previous identification of the strain as M. luteus by the API identification system (2). B. natatoria strains have been previously isolated from aquatic environments (17, 18) and biofilms (7). However, M. luteus is a ubiquitous organism commonly isolated from human skin (9), although it has been isolated from biofilms developed from tap water (P. S. Handley and C. J. Kerr, unpublished data).
In order to assess the coaggregating ability of the strains, a visual coaggregation assay, modified from the work of Cisar et al. (3), was used. Briefly, cells were grown separately in batch culture, harvested simultaneously, and washed three times in filter-sterilized deionized water. Cells of each strain were then suspended in deionized water to an optical density at 650 nm of 1.5 and mixed in equal volumes (200 l) in 6-by 50-mm silica Durham tubes (Scientific Laboratory Supplies, Nottingham, United Kingdom). The mixture was then vortexed for 10 s and rolled gently for 30 s, and the degree of coaggregation was assessed visually in a semiquantitative assay with the scoring scheme originally described by Cisar et al. (3) . If specific cell-to-cell recognition occurs, the cells flocculate (coaggregate) together and settle out. The scoring criteria were as follows: 0, no flocs in suspension; 1, very small uniform flocs in a turbid suspension; 2, easily visible small flocs in a turbid suspension; 3, clearly visible flocs which settle, leaving a clear supernatant; 4, very large flocs of coaggregates that settle almost instantaneously, leaving a clear supernatant. Control tubes of each isolate on their own were also included to assess autoaggregation. Where present, autoaggregation was scored by using the same criteria, and the score was deducted from the coaggregation score.
Of the 10 possible pairwise combinations of strains, 6 pairs coaggregated with a maximum score ranging from 2 to 4; however, the expression of coaggregation was related to the time at which cells were harvested from batch culture (Fig. 1) . For all six coaggregating pairs, a cycle of appearance and disappearance of coaggregation ability was observed. Early in batch culture, none of the pairs could coaggregate, but as the cultures aged, coaggregation scores increased to a pair-dependent maximum value. Maximum coaggregation ability was maintained for up to 50 h depending upon the partnership and then declined to zero as the cultures aged further. The experiment was repeated three times, with separate batch cultures, and the coaggregation scores were always identical at every sample time. Small differences in harvesting times could therefore explain the variations in coaggregation scores between different batch cultures observed by Buswell et al. (2) .
The phase of growth of each organism growing in R2A broth was linked to the time of maximum expression of the coaggregation phenotype for all six coaggregating pairs. Three patterns of gain and loss of coaggregation ability during batch culture growth were detected (Fig. 2) . The first pattern is illustrated by the pair of B. natatoria 2.1 and M. luteus 2.13, which developed the ability to coaggregate during exponential phase (Fig. 2a) , reaching a maximum score of 4 in stationary phase. The second pattern is represented by the pair of M. luteus 2.13 and B. natatoria 2.8, which coaggregated optimally upon entry into stationary phase, reaching a score of 2 (Fig. 2b) . The third pattern of coaggregation is illustrated for the pair of B. natatoria 2.1 and B. natatoria 2.8, which coaggregated only in later (144 h growth) stationary phase (Fig. 2c) . All pairs eventually lost the ability to coaggregate. This is the first observation of growth phase dependency of coaggregation in aquatic bacteria. However, expression of a coaggregation adhesin on Streptococcus gordonii DL1 from dental plaque has been linked with growth phase in batch culture (14) , although coaggregation between oral bacteria has not been shown to be completely lost at any stage of batch culture growth.
Finally, the surface-associated molecules involved in coaggregation were investigated by heat and protease treatment and by sugar reversal tests. Inhibition of coaggregation by heat pretreatment of each member of a coaggregating pair was carried out by the method of Kolenbrander et al. (11) . Members of coaggregating pairs were pretreated individually with protease type XIV from Streptomyces griseus (Sigma) by the method of Cookson et al. (4) . Heat or protease treatment of one member of a maximally coaggregating pair totally inhibited coaggregation, but treatment of the other member of the same pair had no effect on coaggregation (Tables 1 and 2) . Therefore, heat-and protease-sensitive protein adhesins (lectins) mediated all coaggregation partnerships. The ability of sugars to reverse coaggregation was determined by the addition of lactose, galactose, N-acetyl-D-galactosamine, methyl-␣-D-galactopyranoside, and galactosamine (all obtained from Sigma) to coaggregating pairs at a final concentration of 50 mM. For all six coaggregating pairs, at least one sugar reversed coaggregation (Fig. 3) . Therefore, coaggregation among these five aquatic bacteria is mediated by lectin-saccharide interactions, which also mediate many interactions between oral bacteria (3, 5, 21) .
A diagrammatic model is presented to indicate the specificity of the lectin-saccharide-mediated coaggregation between M. luteus 2.13 and the four B. natatoria strains (Fig. 3) and to show the time at which coaggregation is maximally expressed for each pair. Thus, aquatic strains may carry multiple adhesins or receptors or a combination of both, which is also a common feature of coaggregating oral bacteria (13) . These aquatic strains exhibited intergeneric coaggregation between M. luteus 2.13 and the B. natatoria strains, and interstrain (intraspecies) coaggregation between the B. natatoria strains (Fig. 3) . Intergeneric coaggregation is extremely common between different genera of plaque bacteria (12) , but interstrain coaggregation between such closely related strains has not been reported so far for plaque bacteria. While the four Blastomonas strains are 
